The enzyme had a molecular mass of about 60,000 Da and consisted of two identical subunits. In addition to D-threonine, D-threo-3-phenylserine, D-threo-3-thienylserine, and D-threo-3-hydroxynorvaline were also substrates. However, the other isomers of threonine and 3-phenylserine were inert. The enzyme showed maximal activity at pH 10.5 for the oxidation of D-threonine. The enzyme required NADP+. NAD+ showed only slight activity. The enzyme was not inhibited by EDTA, o-phenanthroline, c,a'-dipyridyl, HgC12, or p-chloromercuribenzoate but was inhibited by tartronate, malonate, pyruvate, and DL-2-hydroxybutyrate. The inhibition by these organic acids was competitive against D-threonine. Initial-velocity and product inhibition studies suggested that the oxidation proceeded through a sequential ordered Bi Bi mechanism. The Michaelis constants for D-threonine and NADP+ were 13 and 0.12 mM, respectively.
A variety of L-amino acid dehydrogenases have been extensively studied, as reviewed by Ohshima and Soda (18) , and used for the synthesis or determination of L-amino acids (10, 18) . However, no pyridine nucleotide-dependent D-amino acid dehydrogenases have been reported, although dye-dependent D-amino acid dehydrogenases have been found in various bacteria (2, 8, 14, 15, 19, 21, 28, 31) . During screening of NAD(P)+-dependent D-amino acid dehydrogenases for use for the synthesis of D-amino acids, we found a novel NADP+-dependent D-threonine dehydrogenase (EC 1.1.1.-) in crude extracts of some bacteria. D-Threonine dehydrogenase catalyzes the oxidation of the 3-hydroxyl group of D-threonine to yield D-2-amino-3-ketobutyrate, which is spontaneously decarboxylated into aminoacetone (17) . Aminoacetone is also formed by an L-threonine dehydrogenase reaction. L-Threonine dehydrogenase (EC 1.1.1.103), however, is NAD+ specific and does not act on D-threonine (1, 3, 16, 23, 27) . We investigated the distribution of D-threonine dehydrogenase in bacteria and found that Pseudomonas cruciviae IFO 12047 has the highest enzyme productivity. The purification and characterization of D-threonine dehydrogenase are of significant interest, since no NAD(P)+-dependent D-amino acid dehydrogenase has been characterized and because they allow a comparison with L-threonine dehydrogenase.
We describe here the purification and characterization of D-threonine dehydrogenase from P. cruciviae IFO 12047.
MATERIALS AND METHODS
Materials. NAD+, NADP+, and NADPH were obtained from Kojin Biochemicals, Tokyo, Japan; DL-threo-3-phenylserine, DL-3-thienylserine (threo form), DL-threo-3-hydroxynorvaline, bovine serum albumin, catalase, ovalbumin, yeast alcohol dehydrogenase, a-chymotrypsinogen A, and myoglobin were purchased from Sigma Chemical Co., St. Louis, Mo.; DEAE-cellulose was supplied by Serva, Heidelberg, 5 cm) columns were obtained from Pharmacia, Uppsala, Sweden; a TSK gel G3000SW column (0.75 by 60 cm) and a TSK gel Enantio Li column (0.46 by 25 cm) were obtained from Tosoh, Tokyo, Japan; and marker proteins for molecular weight determinations were purchased from Oriental Yeast, Osaka, Japan. Hydroxyapatite and DL-erythro-3-phenylserine were prepared by the method of Tiselius et al. (26) and Greenstein and Winitz (9) , respectively. D-Glucosaminate was a generous gift from Ryoko Kurushima, Nara Women's University, Nara, Japan. Other chemicals used were analytical-grade reagents.
Medium and culture conditions. The bacteria were cultured with a medium (pH 7.2) containing 1.5% peptone, 0.2% KH2PO4, 0.2% K2HPO4, 0.2% NaCl, 0.01% yeast extract, and 0.01% MgSO4-7H20. Large-scale cultivation was carried out in 2-liter flasks containing 750 ml of the medium at 30°C for 24 h on a reciprocal shaker. The (v) Step 5. The enzyme solution (10 ml) was put in 5-ml portions on a 2',5'-ADP-Sepharose 4B column (1.5 by 7.5 cm) equilibrated with 0.1 M buffer containing 10% glycerol. After the column was washed with 10 mM buffer containing 10% glycerol, the enzyme was eluted with 0.1 M buffer containing 10% glycerol. The active fractions were concentrated with an Amicon ultrafiltration unit and dialyzed against 10 mM buffer containing 10% glycerol.
(vi) Step 6. The enzyme solution (13 ml) was applied to a Mono Q HR5/5 anion-exchange column (0.5 by 5 cm) equilibrated with 10 mM buffer containing 10% glycerol. The column was equipped with a Pharmacia fast protein liquid chromatography system and developed at room temperature at a flow rate of 1.0 ml/min, with a 50-min linear gradient of KCl (0.1 to 0.3 M). The active fractions were concentrated with an Amicon ultrafiltration unit.
(vii)
Step 7. The enzyme solution (4.0 ml), which was dialyzed against 0.05 M buffer containing 1.7 M ammonium sulfate and 10% glycerol, was applied to a Phenyl-Superose HR5/5 column (0.5 by 5 cm) which was equipped with a Pharmacia fast protein liquid chromatography system and equilibrated with the same buffer. The column was developed at room temperature at a flow rate of 1.0 ml/min, with a 30-min linear gradient of ammonium sulfate (1.7 to 0 M) and with buffer without ammonium sulfate. The enzyme was eluted with buffer without ammonium sulfate. The active fractions were concentrated with an Amicon ultrafiltration unit and stored at -20°C in the presence of 30% glycerol.
RESULTS
Bacterial distribution of D-threonine dehydrogenase. We investigated the distribution of D-threonine dehydrogenase in bacteria by using the peptone medium. As shown in Table  1 (29) . The SDS-treated enzyme (3 ,ug) was electrophoresed in the presence of 0.1% SDS at a current of 6 mA.
Effect of pH and coenzyme on the enzyme activity. The enzyme showed maximal activity at pH 10.5 for the oxidation of D-threonine. The activities at pH 9.0 and 7.5 were 20 and 1.5% of the activity obtained at pH 10.5. The enzyme required NADP+ as a coenzyme, and NAD+ showed only slight activity (4.5% of the activity obtained with NADP+).
Substrate specificity. The enzyme was specific for D-threonine, and the other three isomers of threonine were not substrates. In addition to D-threonine, a couple of derivatives of D-threonine, namely, DL-threo-3-phenylserine and DL-threo-3-thienylserine, were used, and they were better substrates than D-threonine. DL-threo-3-Hydroxynorvaline was a poor substrate (Table 3) . Although DL forms of these compounds were used, analyses of these reaction mixtures by HPLC with a TSK gel Enantio Li column showed that only D forms of these compounds were substrates. D-Serine, DL-erythro-3-phenylserine, DL-3-hydroxybutyrate, 3-hydroxypropionate, 1-amino-2-propanol, and L-homoserine were inert.
Inhibitors. The enzyme was not inhibited by EDTA (1 mM), a,a'-dipyridyl (1 mM), o-phenanthroline (1 mM vate, and 20 mM DL-2-hydroxybutyrate, respectively. The When NADP+ was used as a variable substrate, similar straight lines intersecting in the left quadrant were obtained. These results indicate that the reaction proceeds via the formation of a ternary complex of the enzyme with NADP+ and D-threonine and rule out the possibility of a Ping-Pong mechanism (4). The Km values for NADP+ and D-threonine were calculated to be 120 ,uM and 13 mM, respectively, from the secondary plots of intercepts versus reciprocal concentrations of the other substrate.
The product inhibition studies showed that the inhibition by NADPH was competitive against NADP+ and was noncompetitive against D-threonine (Fig. 3) . The replots of they intercepts of Fig. 3A against the concentrations of NADPH gave a straight line (Fig. 3A, inset) . The results suggest that NADP+ and NADPH can bind to the free form of the enzyme and rule out the possibility of a random mechanism (4).
The inhibitions by tartronate, malonate, pyruvate, and DL-2-hydroxybutyrate were competitive against D-threonine and uncompetitive against NADP+. The inhibition patterns of malonate are shown in Fig. 4 . These inhibition patterns are consistent with a sequential ordered mechanism. The K1 values against D-threonine and NADP+, respectively, were as follows: 0.6 and 2.7 mM for tartronate, 1.0 and 4.4 mM for malonate, 1.6 and 12.7 mM for pyruvate, and 11 and 58 mM for DL-2-hydroxybutyrate.
The results obtained from these initial-velocity and product inhibition studies and inhibition patterns by organic acids suggested that the enzyme reaction proceeds through the sequential ordered Bi Bi mechanism, in which NADP+ binds first to the enzyme and is followed by D-threonine and the sequence of product release is 2-amino-3-ketobutyrate and NADPH (4).
DISCUSSION
We have purified and characterized the NADP+-dependent D-threonine dehydrogenase from P. cruciviae IFO 12047. The enzyme showed high substrate specificity for 3-hydroxy-D-amino acids and did not act on L-amino acids, 3-hydroxy organic acids, or amino sugars. Thus, this is the first NAD(P)+-dependent amino acid dehydrogenase shown to work specifically on D-amino acids.
The enzyme catalyzes the oxidation of the 3-hydroxyl group of D-threonine. This is similar to the L-threonine dehydrogenase reaction. L-Threonine dehydrogenases from Escherichia coli (3), chicken liver (1), goat liver (23) , and pork liver (27) have been purified and characterized. L-Threonine dehydrogenases are tetramers (molecular masses, 100,000 to 140,000 Da) (3, 27) or monomers (molecular masses, 88,000 to 89,000 Da) (1, 23) , whereas D-threonine dehydrogenase is a dimer (molecular mass, 60,000 Da). D-Threonine dehydrogenase shows maximal activity at an alkaline pH. The high activity of the enzyme at a higher pH is similar to those of L-amino acid dehydrogenases (18) , including L-threonine dehydrogenase from E. coli (3). L-Threonine dehydrogenase is a member of Zn-dependent alcohol dehydrogenases. The enzyme from an Arthrobacter sp. is inhibited by EDTA and activated by Zn2+, Co2+, and Mn2+ (16) . The enzyme from E. coli contains 1 mol of Zn2+ per mol of subunit and is activated by added Mn2+ or Cd2+ (7) . The E. coli enzyme is also inhibited by p-chloromercuribenzoate and 5,5'-dithiobis(2-nitrobenzoic acid) (3), and activation by Mn2+ is thiol dependent (5, 7). D-Threonine dehydrogenase was not influenced by EDTA, o-phenanthroline, metal ions, or SH inhibitors. In these respects, D-threonine dehydrogenase is different from L-threonine dehydrogenase.
Although D-threonine dehydrogenase catalyzes the oxidation of the 3-hydroxyl group of D-threonine, both the amino and carboxyl groups of D-threonine are essential, since DL-3-hydroxybutyrate and 1-amino-2-propanol are not substrates. L-Homoserine and DL-4-amino-3-hydroxybutyrate are also inactive, indicating that both the amino and hydroxyl groups must remain at the proper positions. Since D-serine is not a substrate, the methyl group in the D position is also required. However, the methyl group of D-threonine can be modified to ethyl, phenyl, and thienyl groups. The presence of a hydrophobic side chain in the position increases the affinity of the substrate for the enzyme, and an electron-attracting group such as phenyl or thienyl at the 1B position increases the reactivity (Table 3) . A comparison of the VmjIC/Km values of the substrates indicates that the most favorable substrate of the enzyme is D-threo-3-phenylserine (Table 3) . Thus, the enzyme might be named D-threo-3-phenylserine dehydrogenase. We, however, tentatively named the enzyme D-threonine dehydrogenase, because we found the enzyme by using D-threonine. D-Threonine and D-threo-3-phenylserine are synthetic compounds and have not been found in the free form in nature, although the toxic peptide phalloidine contains D-threonine (30) . The true physiological substrate of this enzyme is not yet clear.
Initial-velocity studies indicate that the reaction is sequential. Since 2-amino-3-ketobutyrate is unstable and spontaneously decarboxylated into aminoacetone (12), product inhibition studies were possible only with NADPH and showed that NADP+ and NADPH bind to the free form of the enzyme. To determine the order of substrate binding, deadend inhibitors were used (4). Inhibitions by tartronate, malonate, pyruvate, and DL-2-hydroxybutyrate were competitive against D-threonine and uncompetitive against NADP+. These inhibition patterns are consistent with the ordered addition of NADP+ followed by D-threonine. Although a mechanism of the Theorell-Chance type could not be ruled out, the D-threonine dehydrogenase reaction should proceed through an ordered Bi Bi mechanism, in which NADP+ binds first to the enzyme and is followed by D-threonine and 2-amino-3-ketobutyrate leaves the enzyme before the release of NADPH. This mechanism is similar to that of the L-threonine dehydrogenase reaction (1) .
Although various bacteria contain D-threonine dehydrogenase, the physiological role of this enzyme is not clear. P. cruciviae could not utilize D-threonine as the sole source of carbon and nitrogen. The addition of 0.1% D-threonine to the culture medium inhibited the growth about 40%, and 0.5% D-threonine inhibited the growth completely. A D-threonineresistant mutant obtained by the N-methyl-N'-nitro-N-nitrosoguanidine treatment showed D-threonine dehydrogenase activity similar to that in wild-type cells when the mutant was cultured in peptone medium. However, D-threonine dehydrogenase was repressed and both L-threonine dehydrogenase and D-threonine dehydratase were induced when the mutant was cultured in medium containing 1% D-threonine (data not shown). D-Threonine dehydratase may function in D-threonine degradation in the mutant. D-Threonine dehydratase, however, was not induced in the wild-type cells, and D-threonine was toxic for the wild-type cells described above. Moreover, D-threonine dehydrogenase showed a low affinity for D-threonine. Thus, it seems unlikely that D-threonine dehydrogenase plays a role in D-threonine degradation, while L-threonine dehydrogenase functions as the first step in L-threonine degradation (3, 11, 20, 22) . In the case of glutamate dehydrogenases, the NADP+-specific enzymes are implicated in an anabolic function and the NAD+-specific enzymes are responsible for glutamate catabolism (25) . D-Threonine dehydrogenase is NADP+ specific and is formed constitutively. The enzyme may be involved in the biosynthesis of a compound which has a structure similar to that of D-threonine. Characterization of the physiological substrate of this enzyme and biochemical characterization of a mutant defective in D-threonine dehydrogenase will provide insight into understanding the physiological function of the enzyme.
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